Tnl721, originally identified as a constituent of R plasmid pRSD1 in Escherichia coli, confers inducible tetracycline resistance (Tcr) on its host (22, 31) . The 7.1-megadalton transposon consists of two distinct portions, the "minor transposon" (Tnl722; 3.6 megadaltons) encoding transposition functions and the "tet region" (3.5 megadaltons) encoding resistance. The tet region is capable of recA-dependent amplification owing to direct repeats which flank this segment (30) . Figure 1 shows a diagram of plasmid pRSD101 (R388::Tnl721), which has been used in the present study. The formation of multiple tandem repeats of the tet region leading to increased numbers of tet genes per cell (22) has been used to analyze the relationship between gene dosage and Tcr.
Two classes of Tcr determinants, designated TetA and TetB, have been defined according to the relative protection they provide against tetracycline and minocycline (11) . More recently, these classes have been further subdivided into four groups by probing DNA homology with hybridization techniques (24) . According to f Present address: Institut Suisse De Recherches Experimentales Sur Le Cancer, 1066 Epalinges sur Lausanne, Switzerland. these and our own results (30) the Tcr determinants of Tnl 721 and of R plasmid RP4 are homologous, both belonging to class TetA. In contrast to this spectrum of determinants, the mechanisms of plasmid-determined Tcr, although far from being well understood, appear to be largely analogous. They involve inhibition in drug accumulation (13) , possibly as a consequence of decreased intake, and increased efflux of the antibiotic (5, 23) . The components mediating this resistance are membrane bound; their synthesis is inducible and subject to negative control (7, 11, 13, 18, 20, 35) . In TetB-type determinants an additional intracellular protection of the ribosomal target site (26) may contribute to the resistance (20, 34, 40) .
Amplification of plasmid-borne drug resistant genes frequently leads to higher levels of resistance. Thus, positive gene dosage effects have been shown for ampicillin, chloramphenicol, fusidic acid, and streptomycin resistance (10, 25, 37) as well as for beta-lactamase encoded by repetitious chromosomal genes in E. coli (27) . In all of these cases resistance is mediated by antibiotic-inactivating enzymes. The gene dosage relationship is rather more complicated in tetracycline resistance, which involves membrane- delicate genetic control (7, 19, 40 (22) , appear to respond positively to the higher gene dosage.
The quantitative determination of Tcr levels under various conditions has been hampered by at least three factors: (i) uncertainties about the exact number of Tcr determinants present in a plasmid-containing cell, (ii) difficulties in the method of defining a given resistance level or in directly measuring products involved in establishing resistance (or in both), and (iii) the problem of distinguishing between basal and induced levels of Tcr (since standard assays involve adding tetracycline, which leads to induction).
We have attempted to overcome these various problems by analyzing the gene dosage-Tcr relationships with Tnl 721. Our study utilizes one of the advantageous features of the genetic system of Tn1721, i.e., the ability to produce cells with a defined number and conformation of Tn1721 (inserted into the chromosome or into R plasmid R388; Fig. 1 is a conjugative plasmid encoding trimethoprim and sulfonamide resistance (15, 38) . The conjugative plasmid pRSD101 derived from R388 by in vivo insertion of Tnl721 has been described by Schmitt et al. (31) . Transformation (36) of RM63 (recA) with a mixture of pRSD101 derivatives amplified to various degrees in strain DS352-1 (rec+) led to strains DS601 through DS609 (containing pRSD101-1 through pRSD101-9). Tcr transformants were selected on Penassay agar (Difco Laboratories) containing 15 ,ug of tetracycline (Boehringer Mannheim Corp., New York, N.Y.) per ml. The recA character of strains DS600 through DS609 was tested on Penassay agar containing 2 ,ug of mitomycin (Serva, Heidelberg) per ml, which is known to inhibit growth of recA mutants, but not of their rec+ parents (6) .
Media. Minimal medium contained 7 g of K2HPO4, 2 g of KH2PO4, 0.1 g of MgSO4, and 1 g of (NH4)2S04. Solid medium was prepared from the above by the addition of 1.5% agar (Difco). Glucose (0.2%), 10 ,ug of amino acids per ml, and 65 yg of trimethoprim lactate (gift of Wellcome GmbH, Grossburgwedel) per ml were added before pouring the plates. Penassay broth (Difco antibiotic medium 3) was used as complete medium. Aqueous solutions of tetracycline (10 mg/ml; Boehringer Mannheim) were always freshly prepared and added to Penassay agar at the concentration needed before pouring the plates. These were stored at 40C in the dark for no longer than 1 (4); plasmid nomenclature follows the proposal of Novick et al. (28) .
b tet denotes the repetitious genetic element determining tetracycline resistance; the number of tandem repeats of tet contained in each pRSD101 derivative is indicated.
by fluorescence spectroscopy by the method of Ball et al. (5) . Tetracycline (100 pg/mil) was added to the cell suspension (5 x 109 cells per ml), and fluorescence enhancement was monitored at 37°C in a Perkin-Elmer 3000 spectrofluorimeter. The fluorescence of tetracycline was measured at 520 nm after excitation at 400 nm. Throughout the course of the experiment the cell suspension was circulated through a flow cell (1-cm light path) to allow aeration of the bacteria.
Isolation, purification, and screening of plasmid DNA. Plasmids were isolated as covalently closed circular DNA from 200-ml cultures grown overnight in Penassay broth. Cleared lysates were prepared by the method of Clewell and Helinski (14) . Plasmid DNA was precipitated from cleared lysates with polyethylene glycol by the method of Humphreys et al. (17) . Alternatively, the cleared lysate method (14) was modified for rapid screening of plasmids in small volumes. Cells from 1.5-ml broth cultures were sedimented, washed with 500 pl of TE10.1 buffer (10 mM Tris, 1 30 min. After sedimentation and removal of the pellet, the clear supernatant was extracted twice with phenol. Samples were analyzed by electrophoresis on 0.7% agarose gels at 50 mA (100 V) for 2.5 to 4 h.
Determination of plasmid copy number. Bacterial DNA was labeled with [3H]thymidine as described before (9) . The ratio of plasmid to chromosomal DNA was determined by relating the counts per minute of satellite (cpms) and bulk DNA (cpmB) separated by dye-bouyant equilibrium centrifugation.
The number (N) of plasmids per chromosome was calculated as N = (cpm5 x mwc)/(cpmB x mwp) by using a molecular weight of 2.5 x 109 for chromosomal DNA (mwc) and the values calculated from length measurements for plasmid DNA (mwp).
Electron microscopy. DNA samples purified by CsCl gradient centrifugation were prepared for electron microscopy by cytochrome c spreading by the droplet method without formamide (9 (30) . This finding, together with previous observations of Tcr in rec+ and rec strains (22) , suggests that amplifcation of the tet region involves classical recombination. This has been substantiated in the present study by the use of pRSD101 (R388::Tnl721; Fig. 1) , a low-copy plasmid amenable to screening of size variation. As illustrated in Fig. 2 , the size of pRSD101 increased with each tandem repetition of the 3.5-Mdal tet region. Figure 2 , lane 1, shows a plasmid band of higher molecular weight than pRSD101 (Fig. 2, lane 3) . When a rec+ strain containing the amplifed species was grown in broth without tetracycline for 80 to 100 generations, the plasmid content of daughter cells became heterogeneous (Fig. 2, lane 2) . At least five smaller species of distinct size occurred, with the smallest comigrating with pRSD101. After 180 generations the nonamplified species was predominant, suggesting that amplification of the tet region is a reversible process. Thus, amplifcation can be monitored by agarose gel electrophoresis, which separates covalently closed circular plasmids according to their size.
The recombination-proficient E. coli strain DS352-1 (pRSD101) was used to determine the proportion of cells harboring amplified plasmids and the extent of tet amplification. Exponentially growing cells were used in all subsequent experiments, since cells from stationary growth were found to be severalfold more resistant to tetracycline and showed nonspecific variations in their resistant levels. These were determined by the efficiency of plating on agar containing increasing concentrations of tetracycline (16) .
Uninduced cells of DS352-1 grew on 15 ,tg of tetracycline per ml, whereas cells preinduced with 2 ,ug of the drug per ml grew on agar plates containing 150 ,ug/ml (22) . A further increase in the concentration of tetracycline selected cells containing amplified tet genes. When exponentially growing, uninduced cells of DS352-1 were plated on Penassay agar containing 200 ,Ag of tetracycline per ml, between 10-7 and 10-8 cells fonned colonies. There was a characteristic variation in colony size: large colonies consisted of cells which contained highly amplified forms of Tnl721, and smaller colonies showed a lesser degree of amplification. The number of highly resistant colonies thus represents the portion of cells containing amplified tet genes in a population grown without selective pressure. This result suggests a positive gene dosage effect, which will be further analyzed below. The procedure also selected for mucoid colonies. These were disregarded in our plating tests, since pilot experiments indicated that their Tcr phenotype was unrelated to plasmid-borne resistance.
Maintenance of amplified forms in recA cells. If amplification and deamplification of the tet region depend on homologous recombination, a given amplified configuration should be stably maintained in recA hosts. Transformation of recA strain RM63 with a mixture of plasmids (Fig. 2, lane 2) and subsequent selection on plates containing tetracycline yielded resistant colonies, each containing one plasmid species. Eight clones (DS601 through DS607 and DS609) harboring different-sized plasmids were identified (Fig. 3 ). The precise number of tandemly (Table 2 ). In these recA strains the amplified configurations were stably inherited. Thus, they are useful for analyzing the effect of gene dosage on the expression of Tcr.
Gene dosage and TCr. The dosage of tet genes per cell depended on the number of tandem repeats contained by a plasmid and on the plasmid copy number. We found three to four copies of pRSD101 per chromosome, regardless of gene amplification ( Table 2 ). The observed decrease in copy numbers from 4.3 (R388) to 2.9 (pRSD101-9) has been attributed to a systematic error in the method of plasmid separation, which relies on covalently closed circular DNA. Singlestrand breaks (and loss of covalently closed circular DNA) occur more frequently with increasing size of DNA. In calculating gene dosages, we have therefore assumed an average of four plasmid copies per chromosome throughout.
Strains DS601 through DS609 have an isogenic background. Their generation time in broth (37°C) is 35 min. Tcr levels of uninduced cells from exponentially growing cultures were determined (16) . At tetracycline concentrations higher than 25 ,ug/ml, plating efficiency increased with gene dosage (Fig. 4A ). The linear relationship between the number of tet genes and the drug concentration leading to 50% plating efficiency (Fig. 4B ) indicated a twofold increase in basal expression of Tcr with a ninefold increase in tet genes. This type of low-level resistance, expressed in uninduced cells, may provide sufficient protection against the antibiotic until high-level resistance is induced. data from Table  2 ; assuming a plasmid copy number offour throughout).
Induction kinetics of Tc'. High-level resistance to tetracycline was expressed upon induction. The induction kinetics of four strains (DS601, DS602, DS604, and DS609) containing (Fig. 5) . Strains DS604 and DS609 reached 50% of maximum plating efficiency after 2 min. In strains containing fewer copies of tet, Tcr increased at considerably lower rates. Moreover, only in strains with high gene dosages of tet (DS604 and DS609) did induction eventually lead to the entire population becoming resistant to 200 jig of tetracycline per ml. The induction curves of DS601 and DS602 leveled off at lower plating efficiencies, indicating that in these strains only a fraction of cells became resistant to high concentrations of tetracycline (Fig. 5) . Strain DS600 (one tet gene on the chromosome) did not form colonies with 200 jIg of tetracycline per ml in the medium (data not shown).
Tetracycline accumulation in uninduced and induced cells. Fluorescence enhancement monitors the accumulation of tetracycline in E. coli; the plateau value obtained from a fluorescence curve represents an estimate of the equilibrium intracellular concentration of tetracycline (34) . Determinations of tetracycline accumulation in strains containing increasing numbers of tet genes were made ( Table 3 ). The series of assays was repeated with cultures that had been induced by growth in the presence of a subinhibitory concentration of tetracycline (0.5 ,ig/ml).
The uptake of tetracycline by uninduced cultures of the strains tested was subject to some variation; however, there was no trend toward reduced accumulation of the antibiotic with increasing number of tet genes. Upon induction, there was a decrease in tetracycline accumulation in all Tcr strains tested. The overall reduction in tetracycline accumulation upon induction was approximately four-to fivefold (Table 3) .
DISCUSSION
Tnl 721 consists of two domains, one responsible for transposition (Tnl722) and the other responsible for drug resistance (tet region; 1, 30, 31). They are separated by a 38-base-pair repeat sequence, which is equally present as inverted repeat at both ends of the entire element (32). This association of a resistance determinant to a movable genetic element is a unique feature 43.3 ± 9.6 7.9 + 1.6
(pooled)
a Plateau values of time-dependent fluorescence enhancement were determined as described previously (34) . b Data are given as mean ± 1 standard deviation (n = 2, except for pooled results for DS601 through DS609, for which n = 16). ND, Not determined, since RM63 is sensitive to tetracycline. 'Cells were induced by growth in the presence of tetracycline (0.5 ug/ml).
which enables it to amplify its genes independently of the rest of the transposon (Fig. 1) . As shown here, this amplification depends strictly on a functional host recA system. Heteroduplex analyses of Southern hybridization have indicated that the repetitious tet genes are flanked by 1.2-megadalton homology regions in direct orientation, thus providing the basis for recAdependent recombination that leads to amplification (30) .
The generation of up to nine tandem repeats of the tet region has been observed. Without exposing the cell population to tetracycline the highly amplified forms are present only at a frequency of about 1 in 108 cells, indicating that amplification is a rare event under nonselective conditions. However, the presence of moderate to high concentrations of tetracycline (50 to 200 ,ug/ml) in the medium favors cells with high copy numbers of tet. Continued selection thus leads to a population with higher levels of amplification (22) . When growth conditions are changed, the instability of multiply repeated genes permits the cell population to return to a state in which single copies of tet are predominant. This reversal of gene amplification is likewise rec dependent; amplified forms of Tnl721 can, therefore, be stably maintained if transferred into a recA-deficient strain.
The amplification of antibiotic resistance genes has been observed in other systems. In Proteus mirabilis, amplification of the entire Rdeterminant of plasmid NR1 (R100.1) has been detected after growth in the presence of chloramphenicol (29) . Yagi and Clewell (39) have noted the amplification of tet genes located on the Streptococcus faecalis plasmid pAMal, and Normark et al. (27) have described repetitions of a beta-lactamase gene located on the E. coli chromosome. Finally, Chandler et al. (12) and Meyer and lida (25) reported multiple tandem repeats of Tn9 (flanked by direct repeats of IS1) after prolonged selection of cells highly resistant to chloramphenicol. The events leading to tandem amplification have been explained in terms of both intermolecular and intramolecular recombination (2, 12, 25, 33, 39) . Both alternatives probably contribute to amplification.
In view of conflicting evidence concerning the gene dosage effects of various Tcr determinants (10, 13, 19, 22, 35) , Tnl721 offers a means to approach the problem for one particular system of Tcr (belonging to the TetA resistance type). The transposon was inserted as a single copy either into the host chromosome (DS600) or into plasmid R388 (15, 38) containing from one to nine tandem repeats of the tet region (DS601 through DS609). The low-copy vector R388 and its derivatives were present at an average of four copies per cell under the conditions used (Table  2) . Thus, the number of tet determinants per host genome is 1 for the chromosomal insertion and ranges between 4 and 36 among the plasmidcontaining strains. The exponential growth rates for all these strains were identical (35 min), consistent with their isogenic background.
Basal levels of Tcr in strains harboring from 4 to 36 tet genes (Fig. 4) were obtained when uninduced exponentially growing cells were plated on different concentrations of the drug. The test was not suitable for cells taken from stationary-growth cultures or for cells preinduced with tetracycline, since both exhibited high resistance levels regardless of the number of tet genes contained (data not shown). For cells taken from exponentially growing cultures, however, the plating efficiency was found to be linearly related to gene dosage (Fig. 4) . It may be noted, that the fate of single cells plated on tetracycline medium depends on the outcome of a "race" between induction and inhibition of protein synthesis. The probability for Tcr induction (leading to colony formation) is thought to depend on the level of uninduced, basal resistance expressed by a cell. Owing to fluctuations in the population (as have been observed in other inducible systems [21] ), individual cells may attain the basal level necessary for induction. Their relative proportion increases with the number of tet genes present. Moreover, the rate at which resistance increases upon induction with tetracycline is a function of the gene dosage (Fig. 5) . Both effects may contribute to the protection against tetracycline shown by colony formation (Fig. 4) .
Determination of tetracycline accumulation by uninduced cultures of strains carrying increasing numbers of tet genes showed that there was no trend toward reduced uptake of the antibiotic with increased gene dosage (Table 3) . Since the basal expression of Tcr did increase with gene dosage, either such resistance may be manifested by a mechanism other than reduced accumulation or the effect is too small for detection in the fluorescence assay. Upon induction with a subinhibitory concentration of tetracycline all strains tested showed reduced accumulation of the antibiotic. However, there was no further reduction in antibiotic uptake with increasing gene dosage. Thus, this mechanism of resistance is saturated by the provision of just one copy of the tet gene. This suggests that an inducible resistance mechanism specifying reduced tetracycline accumulation is membrane located and that there are a limited number of sites at which the resistance protein(s) can func- 
